ABSTRACT This paper proposes a backscatter-assisted wireless powered communication network that includes a hybrid access point and multiple users. In conventional wireless powered communication networks with only harvest-then-transmit (HTT) mode, urgent data transmission is not possible since users need to first harvest sufficient energy before transmitting information. Backscatter communication depends on instantaneous excitation energy such that the dedicated time for harvesting energy first is not required. To improve the system performance, both HTT and backscatter modes are employed at the users in the proposed model. An optimization problem is formulated to maximize the sum-throughput by finding the optimal transmission policy, including the optimal users' working mode permutation and time allocation. Simulation results demonstrate the superiority of the proposed model. 
I. INTRODUCTION
With the development of 5G communication systems, a sustainable energy supply for energy-constrained electronic equipment has been receiving increasingly more attention. To extend the lifetime of devices, e.g., sensors, radio frequency (RF)-based energy harvesting (EH) techniques [1] , [2] have been introduced.
In wireless networks, the studies focusing on RF-based EH systems have two main directions, one of which is to study simultaneous wireless information and power transfer (SWIPT) systems [3] - [6] . In [3] , the authors studied SWIPT in a multiple-input multiple-output (MIMO) wireless broadcasting system, and the tradeoff between information transmission and energy transfer was analyzed. In [4] , SWIPT was introduced in a noise-limited broadband system. Orthogonal frequency division multiplexing (OFDM) was employed to partition the broadband channel into sub-channels to transmit energy and information. In [5] , [6] , novel SWIPT schemes in interference alignment networks were proposed.
The other direction is to study wireless powered communication networks (WPCNs). WPCNs have recently been extensively studied [7] - [14] . In a WPCN, there is typically a hybrid access point (HAP) with fixed energy sources and multiple users with rechargeable batteries or supercapacitors. To make a WPCN work, a well-known mode named the ''harvest-then-transmit (HHT)'' mode was introduced [8] . In this mode, the HAP first radiated energy to users in the downlink and then received information transmitted by the users based on the harvested energy. The users were scheduled in time division multiple access (TDMA), and the optimal time allocation policy was studied. To further improve the system performance, multiple antennas were employed at the HAP in [9] . In the downlink, energy beamforming was designed to transfer energy to all users, whereas in the uplink, all users simultaneously transmitted information to the HAP in space division multiple access (SDMA), which provided higher spectrum efficiency. In [10] , wireless power transfer (WPT) based on emerging massive MIMO with estimated channel state information (CSI) was considered. To improve the time efficiency, the uplink channel estimation and WPT were operated simultaneously in [11] . In [12] , a large-scale WPCN modeled using a stochastic geometry was considered. The frame partition and transmit power were jointly optimized to maximize the nodes' spatial throughput for both cases of battery-free and battery-deployed wireless nodes. However, only the half-duplex (HD) mode was adopted in [8] - [12] . To fully exploit time, the full-duplex (FD) mode was introduced in [13] since the HAP had two antennas. The power and time were jointly optimized for maximizing the system throughput for considering non-causal energy scenarios. In sensor networks, the harvested energy is typically stored in supercapacitors, which suffer from high selfdischarge [15] . Hence, during the given block, the users can only use the harvested energy before its transmission slot to transmit information. Considering the energy causality, a more practical FD-WPCN was proposed in [14] . For the HTT mode, users need to harvest energy first and then transmit information. Hence, urgent data transmission for users, particularly for users that are far from the HAP, is not possible because a longer time for harvesting energy is required [16] .
There has recently been an emerging interest in backscatter communication. In a backscatter communication system, the users, also known as tags, receive instantaneous excitation energy radiated by the HAP (known as reader) and reflect modulated signals to the HAP simultaneously [17] . Hence, the time for harvesting energy before transmission is not necessary. In [18] , the authors first estimated the backscatter channels, and then studied energy transfer in the downlink based on the estimated CSI for multi-antenna backscatter communication systems. The physical layer security in MIMO backscatter systems was studied in [19] . In [17] - [19] , the study focused on traditional RFID-style backscatter systems, where a special-purpose power infrastructure, i.e., the reader, was required. In [20] , ambient backscatter was proposed. In the ambient backscatter communication systems, the user harvested energy from environmental sources, e.g., TV tower, rather than from specific energy sources. In [21] , the authors first introduced ambient backscatter in RF-powered overlay cognitive radio networks. The tradeoff between HTT and backscatter modes was analyzed, and the optimal transmission policy was derived. However, ambient backscatter is limited by the transmission range. To overcome this drawback, a hybrid backscatter communication scheme that includes both ambient backscatter and bistatic scatter radio was investigated [16] . Extending to [21] , novel RF-power underlay cognitive radio networks with ambient backscatter were proposed, where the secondary user could work in either HTT or backscatter mode [22] . Optimization problems to maximize the throughput for a single secondary user by choosing the best mode were studied. However, multiple users are typically deployed in sensor networks.
Motivated by utilizing the advantages of both [14] and [22] , in this paper, we propose a backscatter-assisted WPCN (BAWPCN) that includes an HAP and multiple users, where both HTT and backscatter modes are employed at the users. To the best of our knowledge, no work has been conducted on the proposed multi-user model. In the downlink, the HAP broadcasts energy to all users continuously, whereas each user transmits or backscatters information to the HAP in the uplink via TDMA. As stated in [23] , each user cannot work in both HTT and backscatter modes simultaneously.
Hence, in contrast to [14] , the tradeoff between HTT and backscatter modes for each user needs to be studied during its allocated time slot, which leads to a challenging problem of finding the optimal working mode permutation for multiple users. Moreover, to maximize the system throughput, the dynamic time allocation policy is further studied.
The key contributions of this paper are summarized as follows:
• We propose a new model that employs both HTT and backscatter modes for a multi-user RF-powered wireless sensor network. We formulate one fundamental optimization problem to maximize the sum-throughput by studying the optimal transmission policy, including both the optimal working mode permutation and time allocation.
• The optimal transmission policy is first obtained for the two-user case. We also investigate the impact of users' schedule order on the system performance. The insights about users' working mode permutation are further discussed.
• For the case with K (K ≥ 3) users, based on all possible optimal permutations of working mode, the original optimization problem can be decomposed into K +1 subproblems. By sequentially solving these sub-problems using convex optimization techniques [24] , both the optimal working mode permutation and time allocation policy are obtained. Moreover, a special case in which all users have the same backscatter rate is discussed to further reduce the computational complexity.
The rest of this paper is organized as follows. In Section II, the system model is proposed, and the expression for the sum-throughput is presented. In Section III, we formulate an optimization problem to maximize the sum-throughput and obtain the optimal transmission policy. The simulation results are presented in Section IV. Finally, Section V concludes this paper.
II. SYSTEM MODEL
As shown in Figure 1 , we consider a BAWPCN with one two-antenna HAP and K single-antenna users. This system can be used for environmental monitoring systems in wireless sensor networks [25] . It is assumed that the HAP can work in the FD mode by employing perfect successive interference cancellation (SIC) techniques [26] , [27] . Hence, one antenna of the HAP is used for transferring energy to the users in the downlink, and the other antenna is used for receiving signals from the users in the uplink simultaneously. These users with supercapacitors for storing energy, denoted as U i , i = 1, · · · , K , can switch between HTT and backscatter modes adaptively and transmit or backscatter information to the HAP in TDMA [14] , [21] . The forward channel power gain from the HAP to U i and the backward channel power gain from U i to the HAP are denoted as h i and g i , respectively. We assume that h i and g i are quasi-static flat fading and remain constant during one block, denoted as T , and may change from one block to another. It is assumed that the channel power gains are perfectly known at the HAP. Moreover, U i , i = 1, · · · , K does not have initial energy, and its transmission relies on the harvested energy for the HTT mode or on instantaneous excitation energy for the backscatter mode.
The block structure for the BAWPCN system is described in Figure 2 . In the proposed system, the HAP continuously broadcasts energy with constant power, denoted as P, to all users during one block. The block is divided into K + 1 main time slots, denoted as
and β i are utilized for the HTT mode, and the remaining part is used for the backscatter mode. Due to the high discharge characteristic of supercapacitors [15] , we assume that each user can only harvest energy before its transmission but not after [14] . Hence, the harvested energy of U i , denoted as E i , over i−1 j=0 t j + a i is given by
where η i is the efficiency of energy harvesting. Then, U i transmits information to the HAP during β i (the data transmission period) with the previously harvested energy. We assume that all harvested energy will be exhausted during β i to avoid energy waste. Hence, the achievable throughput of U i for the HTT mode is given by
where W is the bandwidth and γ i = η i Ph i g i σ 2 . Denote the backscatter rate of U i as B b i , which depends on the design of RC circuit elements [20] . Hence, B b i is independent of the allocated time. The throughput of U i for the backscatter mode over t i − α i − β i is given by
Based on the above analysis, the sum-throughput of all users is given by
III. SUM-THROUGHPUT MAXIMIZATION
In this section, we study the sum-throughput maximization of a BAWPCN system by optimizing the transmission policy. An optimization problem is first formulated. However, it is not easy to solve the optimization problem with multiple users, particularly when the number of users exceeds two. Hence, we first consider a special case, i.e., K = 2, to obtain some insights. Based on these insights, the general
It can be proved that the objective function is concave since its Hessian is negative semidefinite. Additionally, all constraints are affine. Hence, we obtain that Problem P1 is a convex optimization problem [24] . Denote the optimal solution for Problem P1 as
First, a useful structure of the optimal solution for Problem P1 is given in the following lemma.
Lemma 1: The optimal solution for Problem P1 satisfies
It is easy to prove Lemma 1 by contradiction. For simplification, we briefly discuss the proof of Lemma 1 in the following remark.
Remark 1: It can be seen that R h i is an increasing function with respect to t 0 so that the entire block should be exploited, i.e., K i=0 t * i = T , to maximize the sum-throughput. Moreover, α i is only used for harvesting energy. Compared with α i = 0, let α * i = 0 does not change the energy harvested by
i . Problem P1 can be reduced to Problem P2, which is formulated as
Before solving Problem P2 directly, a two-user case is first considered.
A. TWO-USER CASE
To solve Problem P2 with K = 2, we adopt a two-stage approach. LetT = t 0 + t 1 . From [22] , we know that each user can work in either HTT mode or backscatter mode during the given slot. First, givenT , we study the optimal working mode of U 1 , corresponding to the single-user case [22] . Then, with the derived result of U 1 , we further study the working mode of U 2 . To facilitate the understanding of this paper, we still present the details of solving the single-user case.
1) THE OPTIMAL SOLUTION FOR SINGLE-USER CASE
With givenT , the optimization problem of the single-user case is given as follows.
To solve Problem P3, we first derive the relationship between t 0 and β 1 . LetT = t 0 +β 1 . The relationship between t 0 and β 1 can be derived by solving the following problem
The solution for Problem P4 can be obtained using the method presented in [8] . With the givenT , the optimal solution for Problem P4 is given as
and
where z * 1 > 1 is the corresponding solution of f 1 (z 1 ) = γ 1 and f 1 (z 1 ) is defined as f 1 (z 1 ) = z 1 ln
, which is the normalized throughput of U 1 with the HTT mode. With the above result, Problem P3 is reduced to Problem P5, which is given by
The solution for Problem P5 is straightforward to derive and is given as follows.T
IfT =T , then U 1 works in the HTT mode; otherwise, U 1 works in the backscatter mode.
2) THE OPTIMAL SOLUTION FOR TWO-USER CASE
With the working mode of U 1 , Problem P2 is further studied to find the optimal working mode of U 2 . Consider two subcases, i.e., U 1 works in the HHT mode or the backscatter mode. If U 1 works in the HTT mode, then the sum-throughput is rewritten as R(T , t 2 , β 2 )
With the updated R(T , t 2 , β 2 ), Problem P2 is rewritten as
To solve Problem P6, a method similar to that used for Problem P3 is adopted. LetT =T + β 2 . First, we determine the relationship betweenT and β 2 by solving the following problem:
Using a method similar to that for Problem P4, we derive the optimal solution for Problem P7 with the givenT , which is as follows:
where z * 2 is the corresponding solution of f 2 (z 2 ) = γ 2 and f 2 (z 2 ) is defined as f 2 (z 2 ) = z 2 ln z 2 − (1 + 
The result for Problem P8 is easily derived and is given as follows.T
Combining the results from (1) and (2) To simplify the description, we define the user cannot work, the user works in the backscatter mode and the user works in the HTT mode as ''0'', ''B'' and ''H'', respectively. Therefore, the permutations of this sub-case are given by ''HH'' and ''0B''.
For symbol simplification, the symbols defined in the previous sub-case are still used in this sub-case corresponding to U 1 works in the backscatter mode. Since U 1 works in the backscatter mode, R is rewritten as
2 . In this sub-case, with the updated R(T , t 2 , β 2 ), we also solve Problem P6 to derive the optimal solution. Hence,T , β 2 andT in this sub-case are rewritten as
where z * 3 is the corresponding solution of f 3 (z 3 ) = γ 2 and f 3 (z 3 ) is defined as f 3 (z 3 ) = z 3 ln z 3 − (1 + Considering the above two sub-cases, the optimal time allocation policy for the two-user case is given by the following proposition.
Proposition 1: For the two-user case, one optimal solution for Problem P2 is given by
Note that Proposition 1 only provides one of the optimal transmission policies for the two-user case. This is because when one of the special conditions, i.e., B t
2 is satisfied, we can also find other solutions to achieve the maximum sum-throughput. However, the result given in Proposition 1 can provide us with some interesting insights. Hereinafter, without specific description, we do not consider the special conditions.
In summary, for a BAWPCN with two users, there are three possible optimal permutations of the working mode, i.e., ''0B'', ''BH'' and ''HH''.
With Proposition 1 and the above analysis, we can derive the following corollaries.
Corollary 1: In the optimal condition, the last user could be scheduled and work in only one mode.
For simplification, we briefly discuss the proof of Corollary 1 in the following remark.
Remark 2: For the two-user case, it has been proved that the last user could be scheduled and work in only one mode in the optimal condition. Considering the three-user case, with the given working modes of the first two users, it can be seen that the time allocation between the HTT and backscatter modes of the third user is a linear problem, which is similar as Problem P8. To solve the problem, we obtain the conclusion that the third user could be scheduled and work in only one mode in the optimal condition. Similarly, for K -user case (K ≥ 4), the same conclusion for the K -th user can be obtained.
Corollary 2: In the optimal condition, if the last user works in the backscatter mode, one optimal solution is to allocate the entire block time to U K , i.e., the first K − 1 users are not scheduled.
Proof: Please refer to Appendix. From the above result, we observe that the schedule order of users may affect the time allocation policy. To explain this observation, the following example is given. For ''0B'' corresponding to the condition B t 1 ≥ B b 1 and B t 2 < B b 2 , it can achieve a larger sum-throughput with a reversed schedule order, i.e., U 2 is first scheduled. Next, we analyze the sumthroughput of the reversed schedule order scheme. According to [14] , as the number of users increases, the normalized sum-throughput increases. Since B b 2 > B t 2 , we can derive
is the normalized throughput of U 2 with the HTT mode, and z † 1 is the solution of f 1 (z 1 ) = γ 2 . Additionally, with B b 2 > B b 1 , we can derive that the optimal permutation of the reversed schedule order scheme is given as ''BH''. From [28] , the optimal solution for the reversed schedule order scheme indeed provides a larger sum-throughput.
B. MULTI-USER CASE (K ≥ 3)
In this sub-section, we propose an algorithm with lower complexity to solve Problem P2 if K ≥ 3. With the result for the two-user case, we can derive all possible optimal permutations of the working mode, one of which is the globally optimal permutation. For the two-user case, there are three permutations, i.e., ''0B'', ''BH'' and ''HH''. When we consider the three-user case, from Corollary 1, there are six possible optimal permutations of the working mode, which are given as follows: ''0BB'', ''0BH'', ''BHB'', ''BHH'', ''HHB'' and ''HHH''. From Corollary 2, the permutations ''0BB'', ''BHB'' and ''HHB'' can be reduced to the permutation ''00B'' without affecting the optimal solution. The updated permutations are summarized as ''00B'', ''0BH'', ''BHH'', and ''HHH''. Similarly, for the four-user case, the possible optimal permutations are ''000B'', ''00BH'', ''0BHH'', ''BHHH'', and ''HHHH''. Hence, we can conclude that the K -user case finally has K + 1 possible optimal permutations. Since each permutation corresponds to a sub-problem, Problem P2 can be decomposed into K + 1 sub-problems. By solving these sub-problems sequentially, the solution for the sub-problem with the maximum sumthroughput also solves Problem P2.
The analysis for the K +1 sub-problems is given as follows. The K + 1 sub-problems can be classified into three types. The first type is that only the last user works and stays in the backscatter mode. The second one is that the first working user adopts the backscatter mode and the other working users adopt the HTT mode. The third one is that all users work in the HTT mode. For the first type of sub-problem, it is easy to derive that the entire block time will be allocated to U K . For the second type of sub-problems, assume that the number of working users is M . Hence, the index of the first working user, which is in the backscatter mode, is K − M + 1. Let N = K −M +1. Since the permutation of the working mode is given, to maximize the sum-throughput, it is straightforward to derive that
Using convex optimization techniques [24] , the optimal time allocation policy for the second type of sub-problems is given in the following proposition. Proposition 2: The optimal solution for Problem P9 satisfies
, and W(.) is the Lambert W-Function [29] .
Proof: This problem is similar to our previous work in [28] . For more details, please refer to [28] .
For the third type of sub-problem, since all users work in the HTT mode, β i = t i , i = 1, · · · , K . Problem P2 is reduced to Problem P10, which was studied in [14] .
Using the algorithm proposed in [14] , the optimal time allocation policy for this type of sub-problem is given in the following proposition.
Proposition 3:
The optimal solution for Problem P10 satisfies
where
After solving K +1 sub-problems, the solution corresponding to the maximum sum-throughput also solves Problem P2.
The algorithm to solve Problem P2 is summarized in Algorithm 1. The computational complexity analysis of the proposed algorithm is given as follows. For the second type of sub-problems, the complexity is O(M − 1), where M = 2, · · · , K [14] . Similarly, the complexity for the third type of sub-problem is O(K ). Hence, the total complexity of Algorithm 1 is given as O(1) + · · · + O(K ).
Remark 3: For the special case in which the backscatter rate of each user is the same, i.e., B 1 = · · · = B K , the computational complexity of solving Problem P2 can be further reduced. The explanation is given by taking the threeuser case as an example. For the three-user case, all possible VOLUME 5, 2017
Algorithm 1 Algorithm for Problem P2.
• Step 1: Determine K + 1 possible optimal permutations.
Based on these permutations, Problem P2 is decomposed into K + 1 sub-problems;
• Step 2: Solve these sub-problems sequentially;
• Step 3: Comparing the sum-throughputs of K + 1 subproblems, the solution corresponding to the maximum sum-throughput is also the solution for Problem P2. optimal permutations are given as ''00B'', ''0BH'', ''BHH'', and ''HHH''. From [28] , with the increase of the number of users, the sum-throughput of the second type of sub-problems increases. Moreover, ''00B'' can be viewed as a special second type of sub-problem. Hence, the sum-throughput of ''BHH'' is larger than that of ''00B'' or ''0BH''. In other words, we only need to solve two sub-problems corresponding to ''BHH'' and ''HHH'', respectively. Extending to the case with K (K ≥ 3) users, we only need to consider the two sub-problems in which all users are scheduled. Hence, the computational complexity of the special case is
Remark 4: For the two-user case, the optimal permutation can be derived from (1), (2) and (3) by taking two comparisons. Using the similar method, we can derive the optimal permutation for K -user case (K ≥ 3) by taking K comparisons. With the derived optimal permutation, we easily find the optimal solution for Problem P2. The complexity analysis of the new method is given as follows. Assume the complexity of the bisection method used in each comparison is O(S i ), i = 1, · · · , K . Considering the worst case, the total complexity of this method is
Compare with this method, the complexity of Algorithm 1 is still lower when K is not large.
IV. SIMULATION
In this section, simulation results are presented to evaluate the proposed transmission policy for BAWPCNs. The simu- U i , κ i is the pathloss exponent, ρ i is the channel short-term fading, and ρ 2 i is an exponentially distributed random variable with unit mean. Without loss of generality, let κ = κ 1 = · · · = κ K and T = 1 s. The noise power at the HAP is given as σ 2 = −70 dBm. For simplicity, the energy harvesting efficiency of each user is assumed to be the same and given as η 1 = · · · = η K = 0.6. All simulation curves are obtained by averaging 1000 Monte Carlo runs. 2 = 60 kbits/s. It can be observed that the performance of the reversed order scheme is superior to that of the given order scheme, which indicates that the schedule order indeed affects the sum-throughput. Moreover, as the transmit power increases, the sum-throughput of both schedule order schemes increases. Figs. 4 (a) and (c) indicate that when the transmit power is low, ''BHH'' is the optimal permutation. This result occurs because with a low transmit power, the normalized throughput of U 1 adopting the HHT mode is lower than its backscatter rate. Conversely, the optimal permutation of Figure 4 (b) with a low transmit power is ''00B'' since B b 3 is quite large. For the three scenarios, as the transmit power increases, ''HHH'' tends to be the optimal permutation with a high probability. 
V. CONCLUSION
This paper has proposed a new WPCN system model that integrates backscatter communication. To maximize the sumthroughput, an optimization problem has been formulated. The insights about permutations of users' working mode have been discussed, and the optimal transmission policy has been presented. The simulation results have confirmed that the proposed model achieves a larger sum-throughput than traditional schemes.
